Single-walled carbon nanotubes (SWNTs) were directly grown onto poly-crystalline silicon grids by catalytic thermal chemical vapour deposition. We demonstrate that simple micromachining of the catalyst-covered support can influence the number, location and alignment of suspended SWNTs. Sharp apexes formed by over-etching circular microstructures enable the scalable, cost-efficient formation of mostly individual, straight SWNT bridges, as verified by Raman scattering and electron diffraction.
Introduction
Controlling the interface between top-down microstructuring and the bottom-up synthesis of nano-scale building blocks, such as single-walled carbon nanotubes (SWNTs), is a crucial factor for the economic and scalable design of novel device architectures. A very high Young's modulus, thermal conductivity and current-carrying capacity makes SWNT particularly attractive for applications in nanoelectronics [1] [2] [3] and nanosensors [4, 5] . The controlled fabrication of individual suspended SWNTs is thereby desirable to fully exploit their intrinsic properties since interactions with other nanotubes or the underlying substrate can be excluded [6, 7] . Suspended SWNT-based systems also emanate, e.g., tuneable electromechanical resonators [8] or displacement sensors [9] .
Catalytic chemical vapour deposition (CVD) of freestanding SWNTs has been demonstrated between nanoscale silicon oxide pillars [10] or textures [11] . However, neither precise alignment could be achieved nor SWNT bundling could be avoided as curved nanotubes were observed to randomly attach to neighbouring pillars. Surface-bound CVD allows control of nanotube alignment via external parameters such as electric fields, gas flow or substrate stepedges [12] [13] [14] [15] [16] [17] . Tip-to-tip growth under an electric field has been demonstrated [18] ; however, a large tip spacing of more than 5 µm resulted in curly nanotube bridges. Rapid thermal annealing was reported to create a convection flow thereby lifting the nanotubes up and causing them to float in the direction of the gas flow [19] . To date, economic largescale device integration of SWNTs is hindered by the lack of reproducible control of the SWNT location and orientation orientation [20] [21] [22] .
In this paper, we demonstrate the suitability of MEMS technology as a placeholder for the direct integration of suspended SWNTs. The driving force of this proposal is the previous observation of a simple SWNT bridge formation mechanism by which the nanotube is waving during its growth and attaching to the nearest support boundary [10, 23] . This implies that the support geometry should directly impact the directional bridging of SWNTs without the need of electric fields, strongly directed gas flows or a separate catalyst prepatterning step. Furthermore, the ability to control the tube location and number is investigated in the present study.
Experimental detail
SWNT bridges were synthesized by catalytic thermal CVD in a low pressure furnace which can be operated to a base pressure of 10 −5 mbar. Prior to the CVD growth, microchips were fabricated by surface micromachining of releasable 1.5 µm thick poly-crystalline silicon (poly-Si) layers [24] . After their release, the poly-Si layers were uniformly coated with a bimetallic thin film of 8 nm Al and 1 nm Ni in a sputter system. The film thickness was monitored in situ by a quartz crystal microbalance. The chips were transferred in air and subjected to a hydrogen pre-treatment at 200 mbar and 850
• C for 10 min to allow the reduction of nickel oxides and formation of Ni islands. The latter serve as catalytic seeds for the growth of SWNTs under methane and hydrogen (3:1) at 200 mbar and 850
• C during 15 min. Heating and cooling were performed under vacuum and the chamber was opened only after cooling to at least 250
• C. The samples were characterized by scanning electron microscopy (SEM, Zeiss Ultra 55 operated at 5 kV) and transmission electron microscopy (TEM, Philips CM200 microscope operated at 120 kV). Electron diffraction (ED) patterns were recorded on a Zeiss 912 microscope at 60 kV. Raman spectra were recorded on a WITec CRM 200 using the frequency-doubled Nd:YAG green laser line of 532 nm delivered through a single-mode optical fibre. This type of fibre supports only a single transversal mode which can be focused to a diffraction-limited spot size of about 400 nm (100X objective, NA = 0.8). The backscattered light was cut by a super-notch filter and focused into a 50 µm pinhole. The spectrometer was equipped with a Peltier-cooled charge coupled device (CCD) camera. Precise positioning of the sample under the laser spot was achieved with piezoelectric actuators with a travel range of 200 × 200 × 20 µm 3 in x, y and z, respectively. A calibration of the system was reported elsewhere [25] .
Results and discussion

Horizontal growth and aligned bridges
Our study of SWNT bridge formation is based on the surface micromachined chip shown in figure 1 [26] . A poly-Si grid containing holes of different sizes and shapes is linearly guided by anchors. Upon release, the grid was moved over the chip edge to result in a partly freestanding structure [27] . This allows us to compare a range of hole geometries at one CVD exposure and as-grown SWNT to be subsequently analysed in the original growth environment, in particular by TEM which requires a transmissive electron path through the sample.
Figure 2(a) shows that the catalytically seeded SWNTs preferentially bridge over the shorter gap (1.5 µm wide) of a rectangular hole. The majority of the SWNTs is aligned normal to the hole edge and appears taut and straight. We want to emphasize that no electrical field was applied during growth. Also, the CVD was performed under static pressure, hence there was no gas flow. Several in situ thermocouples and separately addressable temperature controllers ascertained an equal temperature distribution in the CVD chamber. The poly-Si grid was highly doped (n = 10 19 cm −3 ), thus charge trapping and local electrical fields can be excluded. We therefore suggest that the directionality in SWNT bridging is due to a simple nearest neighbour attachment.
SWNTs nucleate on the surface of individual catalyst particles, which typically remain on the substrate (root growth) [28, 29] . At the initial stages of growth, the SWNT body grows away from the substrate and with increasing length is subjected to thermal waving [30] . The SWNT thereby remains anchored at its nucleation point; however, the catalyst particle itself dynamically deforms during the continuous catalytic gas decomposition and carbon formation/incorporation [31] . Once the waving end of a SWNT comes close to the substrate, such as the opposing hole edge (figure 2(a), it is proposed that van der Waals interactions provide a strong adhesion, tightening and straightening to the now suspended nanotube [32] . It can be seen that for the given CVD conditions the catalyst efficiency is low, i.e. the Ni island density is far higher that the SWNT density. The catalyst efficiency can be increased by optimizing catalyst film thickness and pre-treatment together with the carbon feedgas concentration and (reactive) dilution. However, a high catalyst efficiency results in vertically aligned SWNT forests due to van der Waals (tube-tube) interactions [33, 34] , which is detrimental here regarding the desired lateral SWNT bridging.
For the given CVD conditions, figure 3(b) shows the influence of a gap-size variation between 1.5 µm and 3 µm on the number of crossing SWNT. The data are based on 60 highly resolved SEM images showing one hole at a time. All holes were on the same chip and thus were exposed to identical experimental conditions. The tube density is determined by taking the number of tubes divided by the hole's perimeter. Very occasional bridging was observed for trench sizes > 3 µm. There is a clear trend of increasing SWNT bridge formation for reduced gap size. We emphasize that the decreasing bridge density for increasing gap sizes is related to the reduced probability for growing longer nanotubes. This result is strongly recipe-dependent as larger gaps (about 20 µm or more) have been spanned in other experimental conditions [32, 35] . The plot in figure 3(c) shows that the SWNT density mainly relates to the catalyst efficiency and hence is not affected by the variation in gap size. We recall that the absolute number of suspended SWNTs strongly depends on the given CVD conditions. Given the relative trend of figure 3 we demonstrate control of the number of SWNT bridges by surface micromachining of the catalyst support.
Towards individual bridges
In the present section, we discuss the possibility of localizing the growth of individual tubes between two adjacent tips. Figure 4 shows three suspended SWNTs across a trench defined by a tip pair at the technological limit for standard surface micromachining. The shape has been designed based on the previous results, namely by alternating the gap spacing between 12 µm and 2 µm to force SWNT growth only between the small gaps without the need of masking the catalyst. Figure 4 (c) shows a Raman map of the suspended SWNTs. The image was obtained by integrating the SWNT-specific Raman signatures, i.e., the radial breathing modes in the range from 80 to 350 cm −1 and the tangential (G) mode at around 1592 cm −1 as shown in figure 4(d) . Raman scattering is resonant [36] and at a fixed excitation energy of 2.33 eV only two of the three crossing SWNTs could be seen at regular experimental conditions [37] . The SWNT diameter can be derived by d = c 1 /(ω RBM − c 2 ) with c 1 = 214 nm cm −1 and c 2 = 19 cm −1 [38] and ω RBM denoting the radial breathing mode frequency. We find d = 1.43 nm whereas no indication could be made for the neighbouring SWNT bridge as no ω RBM was found. No defect-induced D-band signal at around 1350 cm −1 was observed, which is indicative for a good SWNT crystallinity. The Raman map displayed in figure 4(c) has been obtained by integrating over the longitudinal optical phonon mode of the poly-Si material. Both images can be overlaid as they picture the same structure. There is no doubt about the origin of these Raman features as the freestanding sample geometry does not suffer from any background signal.
The minimum feature size for the structures shown in figure 4 is about 2 µm. It should be noted that the lateral resolution of the MEMS technology was three orders of magnitude larger than the diameter of the SWNTs. We improved the lateral resolution of the micromachined tips by over-etching two initially circular holes to obtain two sharp adjacent tips defining a gap as shown in figure 5(a) . Overetching can be achieved by a controlled poly-Si oxidation and a subsequent acidic wet-etch. The distance between the two adjacent tips is below 1 µm. Crystal grains and their boundaries from the poly-crystalline material influenced the shape of the tip upon over-etching as can be seen in figure 5(d) . Some nanotubes can be found attached to the sidewalls of the microstructures. As these additional SWNTs do not span across the gap, the system yield defined by individual crossing SWNTs is not affected. The synthesis of straight nanotubes over a relatively short distance (∼800 nm) integrated into freestanding thin film microstructures allows for transmission electron investigations. Figures 5(c) and (d) show a TEM image and the corresponding electron diffraction pattern of an asgrown SWNT between the tips of the microstructure. Our ED analysis is described in detail in [39] . In short, the electron beam is limited to an area of 250 nm in diameter by the demagnified image of the condenser aperture. The illumination angle in the Koehler illumination condition is set to 0.16 mrad, the energy filter to 25 eV and the diffraction pattern is recorded on image plates with an exposure time of 4 min. Electrons scattered at the condenser aperture lead to a shadow image of the sample structure together with the pattern. The fact that we can obtain a diffraction pattern at all shows that we have a straight, well crystallized nanotube with a constant chirality within the illuminated region. The high-pass filtered and rotated pattern is compared with simulated diffraction pattern in order to identify the chiral indices of the SWNT ( figure 5(f ) ). In this example, only the pattern simulated for an individual (17, 10) SWNT matches the experimental one, while all other candidates (and also bundles or multishell nanotubes) can be unambiguously excluded. The (17, 10) SWNT has a diameter of 1.85 nm and a chiral angle of 21.5
• . This particular tube has energy separations (with good Raman scattering efficiency) closest to the excitation line of E S 33 = 1.932 eV and E S 55 = 2.928 eV [40] . As these two values are off the resonant window of 2.33 ± 0.4 eV these transitions could not be observed in the Raman experiment and a Raman map of the tube shown in figure 5(d) could not be recorded. Figure 6 gives a comparison between the standard tip pairs seen in figure 4 and the ultra-sharp tips investigated in figure 5 . For the ultra-sharp tips, in most cases only one SWNT bridged on defined sites gives a remarkable device yield (one tube per gap). The reduction of the gap size combined with the sharpening of the tip apexes also appears to give straighter SWNTs. We suggest that the sharp tip apexes minimize potential SWNT bending and buckling related to the tube-support interactions [32] . Opposing sharp tips can clearly improve a SWNT alignment based on nearest-boundary attachment. Since our process does not rely on directional electric fields and gas flows, individual SWNTs can be aligned in multiple directions across 6 inch wafers in an off-the-shelf industrial LPCVD furnace. The surface micromachining can be adopted to different CVD conditions, thus the described method offers a simple universal way of integrating individual SWNTs into scalable device designs.
Conclusion
In conclusion, we demonstrated the controlled, lateral growth of SWNT bridges by catalytic thermal chemical vapour deposition directly onto micromachined poly-Si grids. The number, location and alignment of suspended SWNTs were controlled solely by support design without a catalyst pre-patterning. The SWNTs self-aligned in static CVD conditions based on thermal waving and a simple nearestboundary attachment. Sharp adjacent tips achieved by overetching circular microstructures allow a scalable integration of individual, straight SWNTs with multiple alignments into standard MEMS technology.
